Background-Adiponectin plays a protective role in the development of obesity-linked disorders. We demonstrated that adiponectin exerts beneficial actions on acute ischemic injury in mice hearts. However, the effects of adiponectin treatment in large animals and its feasibility in clinical practice have not been investigated. This study investigated the effects of intracoronary administration of adiponectin on myocardial ischemia-reperfusion (I/R) injury in pigs. Methods and Results-The left anterior descending coronary artery was occluded in pigs for 45 minutes and then reperfused for 24 hours. Recombinant adiponectin protein was given as a bolus intracoronary injection during ischemia. Cardiac functional parameters were measured by a manometer-tipped catheter. Apoptosis was evaluated by terminal deoxynucleotidyltransferase-mediated dUTP nick end-labeling staining. Tumor necrosis factor-␣ and interleukin-10 transcripts were analyzed by real-time polymerase chain reaction. Serum levels of derivatives of reactive oxygen metabolites and biological antioxidant potential were measured. Adiponectin protein was determined by immunohistochemical and Western blot analyses. Intracoronary administration of adiponectin protein led to a reduction in myocardial infarct size and improvement of left ventricular function in pigs after I/R. Injected adiponectin protein accumulated in the I/R-injured heart. Adiponectin treatment resulted in decreased tumor necrosis factor-␣ and increased interleukin-10 mRNA levels in the myocardium after I/R. Adiponectin-treated pigs had reduced apoptotic activity in the I/R-injured heart and showed increased biological antioxidant potential levels and decreased derivatives of reactive oxygen metabolite levels in the blood stream after I/R. Conclusions-These data suggest that adiponectin protects against I/R injury in a preclinical pig model through its ability to suppress inflammation, apoptosis, and oxidative stress. Administration of intracoronary adiponectin could be a useful adjunctive therapy for acute myocardial infarction. (Circ Cardiovasc Interv. 2010;3:166-173.) 
A cute myocardial infarction (AMI) is a major cause of death in industrial countries. 1 Reperfusion therapy immediately after the onset of AMI has been shown to limit infarct size and preserve cardiac function. 2, 3 However, successful reperfusion determined by coronary angiography is not always accompanied by adequate reperfusion at the heart tissue level and improvement of cardiac dysfunction and injury in the chronic phase after AMI. 4 Therefore, it is reasonable to develop a promising adjunctive therapy for patients with AMI.
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Obesity-linked complications, including type 2 diabetes, dyslipidemia, and hypertension, have been shown to predict the severity and outcome of AMI. 5, 6 It has also been shown that obesity-related diseases are associated with increased cardiac damage and impaired left ventricular (LV) function after successful percutaneous coronary intervention for AMI. 7, 8 Adiponectin is an adipose-derived hormone, which plays a protective role in the development of obesity-linked disorders. In clinical studies, plasma adiponectin levels are downregulated in association with cardiovascular risk factors, including type 2 diabetes, hypertension, dyslipidemia, and low-grade inflammation. 9 Consistent with these clinical observations, a number of experimental studies show that adiponectin deficiency contributes to diet-induced insulin resistance, 10 salt-sensitive hypertension, 11 and impaired ischemia-induced neovascularization. 12 Recently, several mouse studies demonstrated that adiponectin has beneficial effects on the heart under pathological conditions. Adiponectin-deficient mice exhibit enhanced concentric cardiac hypertrophy after pressure overload. 13, 14 It has also been shown that adiponectin inhibits the development of severe myocarditis in leptin-deficient ob/ob mice. 15 With regard to myocardial infarction, ablation of adiponectin in mice causes increased infarct size and adverse cardiac remodeling after myocardial ischemia-reperfusion (I/R). 16 Supplementation with adiponectin into wild-type and adiponectin-deficient mice leads to diminished infarct size and improved cardiac function. 16 Adiponectin also exerts favorable actions on systolic dysfunction in wild-type mice after permanent coronary ligation. 16 Consistent with these experimental observations, high adiponectin levels were associated with improvement of cardiac damage and function after reperfusion therapy in patients with AMI. 17 Thus, adiponectin protein may have clinical utility in the treatment of patients with AMI. However, the effects of adiponectin treatment on acute cardiac injury in large animals and its feasibility in clinical practice have not been investigated. Here, we explore the potential therapeutic application of adiponectin in a largeanimal model by using the same instrumentation and standard of care as in humans. Our observations indicate that intracoronary injection of adiponectin could be a useful adjunctive therapy for AMI.
Methods
Methods are described in detail in the online-only Data Supplement. Please see the supplemental Methods.
Pig Model of Myocardial I/R
This study used domestic female Yorkshire-Duroc pigs (2 to 3 months old, 30.75Ϯ1.2 kg; Nihon Crea, Tokyo, Japan). All procedures were approved by the institutional animal care and use committee and were conducted according to the institutional guidelines of Nagoya University School of Medicine. Animals were anesthetized with ketamine hydrochloride (20 mg/kg) and xylazine (3.5 mg/kg) and maintained with isoflurane (1% to 2.5%) by ventilator after intubation. Animals were placed in the supine position, and the body temperature was kept in the normal range (36°C to 37°C) by using a heating blanket. Vascular access was obtained with 7F vascular sheaths, which were placed in the femoral arteries. After systemic heparinization (3000 IU/animal, with activated clotting time maintained at 200 to 300 seconds), hemodynamic measurement was performed with a 6F catheter-tip manometer (CA-6100-PLB; CD Leycom Instrument, Zoetermeer, The Netherlands). Data were processed with Power Laboratory recording and analysis software (AD Instruments, Oxfordshire, UK) as described previously. 18 Then, using a 6F guiding catheter, we performed coronary angiography to determine the optimal location of the occlusion and assessment of coronary artery size after administration of nitroglycerine (0.2 mg). Depending on the visual estimate of vessel size, an over-the-wire-type angioplasty balloon catheter (diameter, 3.0Ϯ0.5 mm; length, 18 mm; Boston Scientific Japan, Tokyo, Japan) was placed in the left anterior descending artery (LAD) distal to the first major diagonal branch. The balloon was inflated to occlude the LAD at 6 to 8 atm for 45 minutes. Localization of the coronary occlusion and patency of the first diagonal branch were confirmed by contrast injection and electrocardiographic ST-segment elevation ( Figure 1A and 1B). Animals were randomly divided into 2 groups. After occlusion of the LAD, an intracoronary bolus of recombinant human adiponectin protein (0.03 g/kg in 10 mL saline per animal) or saline as a control was given through the wire lumen of the inflated balloon catheter during the first 10 minutes of coronary ischemia. During the procedure, blood pressure, heart rate, and the ECG were continuously recorded with a cardiac monitor. Life-threatening arrhythmias such as ventricular fibrillation (VF) were immediately terminated by electric cardioversion. After 45 minutes, the LAD balloon was deflated and restoration of normal coronary flow was documented by angiography. After 24 hours of reperfusion, animals were anesthetized and hemodynamic measurements were assessed as described earlier. Then animals were euthanized with an overdose of pentobarbital to excise the heart. Schematic illustrations of the experimental protocol are shown in Figure 1C .
Results

Reduced Myocardial Infarct Size and Improved Cardiac Function After Adiponectin Therapy in Pigs
Mortality and the incidence of VF after I/R are shown in the Table. Two pigs in the control group died within 24 hours after the procedure, whereas no animals in the adiponectin treatment group died (Pϭ0.48). Incidence of VF during I/R was significantly lower in adiponectin-treated pigs than in control pigs (Pϭ0.01). We examined the impact of intracoronary administration of adiponectin on infarct size. By gross morphological examination before excision of the heart, adiponectin treatment (compared with control) reduced myocardial infarct area (IA) after I/R (Figure 2A ). Representative photographs of myocardial tissues after staining with Evans blue dye to delineate the area at risk (AAR ) ) and 2,3,5-triphenyl tetrazolium chloride to delineate the IA in pigs with control and adiponectin treatments are shown in Figure 2B . The AAR/LV was the same between the 2 groups ( Figure 2C ). Of importance, the IA/AAR and IA/LV ratios were significantly decreased by 42% and 48%, respectively, in adiponectin-treated pigs compared with control pigs. Plasma troponin I level, an index of myocyte injury, was also significantly lower in adiponectintreated pigs compared with control pigs after I/R ( Figure 2D ).
To examine the effect of adiponectin on cardiac function, we measured hemodynamic parameters in control and adiponectin-treated pigs at baseline and 24 hours after I/R by using a manometer-tipped catheter. There were no significant differences between the 2 groups at baseline in all hemody-namic parameters. Heart rate and LV pressure at 24 hours after I/R did not differ between the 2 groups ( Figure 3A and 3B), whereas LV end-diastolic pressure and T 1/2 showed a marked elevation in control pigs; the increase in LV end-diastolic pressure was diminished in the adiponectin-treated animals ( Figure 3C and 3D ). Furthermore, adiponectin treatment increased dP/dt max and decreased dP/dt min at 24 hours after I/R ( Figure 3E and 3F).
Accumulation of Adiponectin in Injured Myocardium After Intracoronary Injection
To examine whether exogenous adiponectin proteins are detected in the heart, immunohistochemical analysis of human adiponectin protein was performed at 24 hours after I/R. Representative photographs of myocardial tissue stained with anti-human adiponectin antibodies are shown in Figure 4A . Adiponectin protein was detected in the ischemic area of the myocardium at 24 hours after I/R in pigs that had been treated with exogenous human adiponectin protein. In contrast, adiponectin protein was not detected in the ischemic myocardium of control pigs (without injection of adiponectin protein). There was little or no detectable adiponectin in nonischemic hearts of pigs. Western blotting analysis detected human adiponectin protein in ischemic hearts after injection of adiponectin protein, whereas little or no expression of adiponectin could be detected in sham-operated hearts and saline-treated ischemic hearts ( Figure 4B ). In addition, we assessed the phosphorylation of AMP-activated protein kinase and the expression of cyclooxygenase (COX)-2 in the heart by Western blot analysis, because adiponectin directly affects these signaling pathways in myocardial cells. 16 I/R led to an increase in the level of AMP-activated protein kinase phosphorylation and the expression of cyclooxygenase-2 in pig hearts, but the magnitude of these inductions was greater in the adiponectin-treated pigs than in the control group ( Figure 4C ).
Reduced Inflammatory Status After I/R by Adiponectin Treatment
The activity of myeloperoxidase and myocardial levels of tumor necrosis factor (TNF)-␣ and interleukin (IL)-10 were assessed because increased inflammatory reactions contribute to myocardial injury. 19 The myeloperoxidase activity in the ischemic tissue was markedly increased by I/R injury, but this induction was significantly less in the adiponectin-treated pigs than in the control group ( Figure 5A ). Cardiac TNF-␣ mRNA was elevated by I/R injury, but this induction was attenuated by treatment with adiponectin ( Figure 5B ). In contrast, adiponectin promoted expression of the antiinflammatory cytokine IL-10 ( Figure 5C ). There were no significant differences in these parameters between the 2 groups after sham operation. Thus, inflammation in the heart was reduced by adiponectin treatment.
Decrease in I/R-Induced Apoptosis by Adiponectin Treatment
Apoptosis is a feature of many pathological heart conditions. 20 To investigate the antiapoptotic actions of adiponectin treatment, terminal deoxynucleotidyltransferase-mediated dUTP nick end-labeling (TUNEL) staining was performed in the heart of control and adiponectin-treated pigs at 24 hours after I/R. Representative photographs of TUNEL-positive nuclei in the myocardium are shown in Figure 6A . Quantitative analysis revealed a significantly lower proportion of TUNEL-positive cells in the ischemic area of adiponectintreated pigs compared with control pigs after I/R injury (Pϭ0.009), whereas little or no TUNEL-positive cells could be detected in the hearts of control or adiponectin-treated pigs after sham operation ( Figure 6B ). Conversion of the proapoptotic proenzyme caspase-3 to the active cleaved form in the myocardium was increased in response to I/R, but the increase in cleaved caspase-3 was suppressed by adiponectin treatment ( Figure 6C ).
Decreased Oxidative Damage After I/R Injury by Adiponectin Treatment
Oxidative stress acts as the major mediator of I/R injury. 21 To investigate whether adiponectin has antioxidant potential, we measured serum levels of derivatives of reactive oxidative metabolites (d-ROMs), an index of oxidative stress, and biological antioxidative potential (BAP), an index of antioxi-dative activity. 22, 23 I/R led to an increase in serum d-ROMs and a decrease in serum BAP at 24 hours after I/R. Serum d-ROM levels were elevated by I/R injury to a greater degree in control pigs than in adiponectin-treated pigs (Pϭ0.021). In contrast, serum BAP levels were significantly increased by adiponectin treatment (Pϭ0.007). Thus, adiponectin decreased oxidative damage after I/R injury ( Figure 7A and 7B ).
Discussion
This is the first study to evaluate the effectiveness and feasibility of adiponectin treatment for AMI in a preclinical animal model that closely reproduces the current procedural management of AMI in humans. 24, 25 We chose the pig model of I/R injury because of the similarity between porcine heart anatomy and that of the human heart and our ability to use the same instrumentation as is used in humans. 24, 25 Low adiponectin levels are observed in patients with acute coronary syndrome. 26 It was shown that declining adiponectin levels after onset of AMI could be a positive predictor for Figure 5 . Effect of adiponectin treatment on inflammatory status after I/R injury. A, Myeloperoxidase (MPO) activity in the control and adiponectin groups at 24 hours after sham operation or I/R injury (nϭ5 for each group). Myocardial levels of TNF-␣ mRNA (B) and IL-10 mRNA (C) in the control and adiponectin groups at 24 hours after sham operation or I/R injury. TNF-␣ or IL-10 mRNA levels were quantified by realtime reverse transcription polymerase chain reaction (nϭ5 for each group) and expressed relative to ␤-actin mRNA levels. future cardiac events. 27 Recently, we demonstrated that plasma adiponectin levels are associated positively with improvements in damaged myocardial tissue and function after successful reperfusion therapy in patients with AMI, as estimated by scintigraphic image analysis. 17 These data suggest that a therapeutic approach aimed at increasing adiponectin levels or its sensitivity to the heart could be useful for treating AMI. In experimental studies, it has been shown that adiponectin protects the heart from injury in response to I/R in mice. 16 We show here that intracoronary administration of adiponectin protein reduced myocardial infarct size and attenuated impaired cardiac function after I/R in a pig model. Thus, supplementation with adiponectin could be protective against reperfusion injury in patients with AMI.
Injected human adiponectin protein was detected in hearts after I/R injury but not in noninjured hearts in this model. However, we could not detect an increase in circulating levels of human adiponectin (data not shown), perhaps because the bulk of the endogenous protein was localized to the injured myocardium. In agreement with these findings, systemic delivery of adiponectin to adiponectin-deficient mice led to the accumulation of adiponectin in I/R-injured vasculature and hearts but not in uninjured tissue. 28 We have also shown that adiponectin accumulates in injured vascular endothelium during cerebral ischemia in a mouse model of I/R. 29 Our studies have also shown that adiponectin colocalizes with myocardial collagen type III, a major collagen in cardiac extracellular matrix. 28 Consistent with these findings, it has been previously reported that adiponectin can bind to collagen types I, III, and IV in solid-phase binding assays. 30 It is possible that an adiponectin-collagen complex may be required for interaction with the receptor, [31] [32] [33] as has been proposed for the adiponectin-T cadherin complex. 34 However, the nature of the interaction between adiponectin and its receptors is poorly understood at this time. Collectively, the majority of exogenous adiponectin might enter into damaged myocardial tissue as a result of leakage from the vascular compartment after a bolus intracoronary delivery.
Inflammatory reactions play an important role in the progression of myocardial injury after I/R. Adiponectin participates in the regulation of inflammatory responses in multiple cell types, including cardiac cells and macrophages. 16, 33, 35 We have demonstrated that adiponectin inhibits agonist-stimulated TNF-␣ production in cardiac myocytes and macrophages. 16, 36 Adiponectin is also reported to stimulate production of IL-10 in porcine and human monocytederived macrophages. 35, 37 It has been demonstrated that IL-10 -knockout mice have increased myocardial damage after I/R. 38 In this study, we found that adiponectin treatment decreased TNF-␣ expression and increased IL-10 expression in the myocardium after I/R. Therefore, adiponectin may contribute to protection against acute ischemic injury in the heart by perturbing the network of pro-and antiinflammatory cytokines, including TNF-␣ and IL-10.
Apoptosis is a major component in the death of cardiac myocytes, and limitation of apoptosis represents an important therapeutic target during I/R. 20, 39 In this study, administration of adiponectin diminished myocardial apoptosis in the hearts of pigs after I/R. Previously, we and other groups demonstrated that adiponectin suppresses apoptosis of cardiac and endothelial cells under ischemic conditions in vitro and in vivo. 16, 40 Thus, the ability of adiponectin to protect against infarct formation is also due, at least in part, to its ability to prevent cell death in the myocardium.
Tao et al 41 reported that adiponectin-mediated protection from I/R injury is linked to inhibition of excess peroxynitriteinduced oxidative and nitrative stress. Adiponectin also suppresses excess reactive oxygen species production in endothelial cells. 42 Consistent with these observations, we demonstrated that adiponectin treatment increased BAP levels and decreased d-ROM levels after I/R. Recently, BAP and d-ROM levels have been used to evaluate oxidative status, and their significance as clinical markers has been reported. 23, 43 BAP reflects serum antioxidant capacity, and d-ROM levels represent the total level of peroxidized metabolites. 22, 23, 43 Thus, reduction of reactive oxygen species and reactive nitrogen species may contribute to the protective action of adiponectin treatment on acute myocardial injury.
Adiponectin has been shown to promote ischemia-induced revascularization in mouse models of vascular insufficiency and myocardial infarction. 12, 44 In contrast, no significant difference in capillary density was detected between adiponectin-treated and control pigs at 24 hours after injury (data not shown), suggesting that the infarct-sparing action of adiponectin is not due to modulation of revascularization at this early time point.
This study has several limitations. First, adiponectin protein was given via catheter lumen during the first 10 minutes of a 45-minute period of ischemia. This represents a small temporal difference from giving the agent as pretreatment and may not offer compelling support for adiponectin in the clinical setting. Thus, additional experimental studies will be required to assess I/R injury in large-animal models after adiponectin injection at various time points. However, our previous work in the rodent model has shown that the 1-time systemic administration of recombinant adiponectin protein to wild-type mice reduced infarct size, and this therapeutic effect was achieved regardless of whether adiponectin protein was administered 30 minutes before the induction of ischemia, during ischemia, or 15 minutes after reperfusion. 16 Second, we did not assess the impact of adiponectin on long-term cardiac remodeling and scar formation, and an examination of adiponectin's effects on chronic ischemia in a large-animal model will be required to elucidate these issues. Third, the incidence of VF during I/R was significantly lower in adiponectin-treated than in control pigs. Although it is reasonable to speculate that supplementation with adiponectin directly prevents the occurrence of VF after AMI, direct experimental evidence by electrophysiological monitoring is lacking at this time.
In conclusion, a 1-time administration of adiponectin reduced myocardial infarct size and improved cardiac function after I/R in a preclinical pig model, which was accompanied by suppression of inflammation, apoptosis, and oxidative stress. A single intracoronary injection of adiponectin during percutaneous coronary intervention could be a useful adjunctive therapy for AMI.
